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ABSTRACT

Exposure-response relationships used to quantify burden of disease from
transportation noise should reflect complex exposure and socio-demographic
situations. Motivated by inconsistent findings in associations for aircraft noise and
CVD mortality outcomes in Switzerland, we aimed to investigate associations
specifically in proximity to airports. Prior associations in the Swiss National Cohort
(including 4.1 million adults followed for up to 15 years) indicated U-shaped
relationships that translated into a log-linear exposure-response of 1.003 [0.996;
1.010] for CVD and 1.040 [1.020; 1.060] for myocardial infarction (MI) mortality per
10 dB Lden aircraft noise, after adjusting for road-traffic and railway noise, air
pollution and confounders. Using the same data, multi-exposure Cox proportional
hazard models were derived for adults residing: a) in the four cantons around Zurich
airport; and b) anywhere in Switzerland with aircraft noise exposure above 30 dB
Lden. Log-linear and non-linear models were compared. Each study population
included 1.2-1.3 million individuals of whom ~0.8 and 0.1 million respectively died
from CVD and MI during follow up. Restricting to the broader Zurich airport area did
not change the associations (CVD: 1.007 [0.996; 1.018] and MI: 1.033 [1.003;
1.063] per 10 dB Lden), and splines still indicated U-shaped relationships.
Restricting to those aircraft noise exposed across Switzerland resulted in stronger
associations (CVD: 1.016 [1.006; 1.028] and MI: 1.055 [1.024; 1.087] per 10 dB
Lden, with an approximately log-linear relationship across the full exposure range
(i.e. from above 30 dB Lden). We assume that residual confounding can influence
the shape of the exposure-response relationship in administrative cohorts, in
particular when including large areas with little to no exposure and large contrasts
in socio-economic status.
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INTRODUCTION

Aircraft noise exposure has been associated with cardiovascular risk factors (e.g. arterial
stiffness, endothelial dysfunction and high blood pressure) and total or specific cardiovascular
disease (CVD), such as myocardial infarction (Ml), ischemic heart disease (IHD) and stroke
(Correia et al. 2013, Hansell et al. 2013, Evrard et al. 2015, Dimakopoulou et al. 2017, Seidler
et al. 2018, Weihofen et al. 2019, Baczalska et al. 2022). The evidence to date, however,
remains sparse, with only a handful of studies (published between 2000 and 2015) evaluating
the relationship between aircraft noise and CVDs in the review underpinning the WHO
Environmental Noise Guidelines (van Kempen et al. 2018). In fact, only two studies (Correia
et al. 2013, Hansell et al. 2013) on IHD incidence and aircraft noise were combined in the
meta-analysis for a relative risk (RR) of 1.09 (95%-ClI: 1.04; 1.15) per 10 dB Lden. At the time,
only one cohort study — the very first from the Swiss National Cohort (SNC) by Huss et al.
(2010) — was published on mortality, showing a RR of 1.04 (0.98; 1.15) per 10 dB Lden.

Since that first SNC study, we have improved the noise models and exposure assessment for
Switzerland and conducted detailed analyses on the associations between transportation
noise by source, including aircraft, and CVD mortality within nearly the entire adult population.
In multi-exposure models, simultaneously considering each noise source (road traffic,
railways, and aircraft) and adjusted for socio-demographic confounders, Héritier et al. (2017)
found statistically significant increased mortality risks for Ml, heart failure and ischemic stroke,
and an indicative association for all CVD combined. With a longer follow up, noise exposure
at two time points, and considering moving history, the subsequent study from Vienneau et al.
(2022) reported similar results. The latter study also explored the shape of the exposure-
response associations using splines revealing a non-linear, U-shaped, risk increase over the
whole exposure range. However, above the 45 dB Lden guideline limit for aircraft noise, the
risk increased in a near linear shape. This translated into a log-linear exposure-response of
1.003 (0.996; 1.010) per 10 dB aircraft noise. For Ml, the spline showed the risk increase was
approximately log-linear starting from the lowest exposure level of 30 dB, giving 1.040 (1.020;
1.060) per 10 dB Lden aircraft noise. So called “censoring” was used in these nation-wide
Swiss studies, whereby anyone with modelled aircraft noise levels below 30 dB were set at 30
dB in order to avoid unreasonably low exposures to a specific transportation source that would
not be distinguishable from background noise from diffuse sources. Thus the associations for
aircraft noise included the entire population, even those not exposed to aircraft noise from a
major airport.

This study was motivated by the somewhat inconsistent findings in associations for aircraft
noise and CVD mortality outcomes in Switzerland. We hypothesised that the apparent
protective effect in the lower range of the U-shaped relationship is due to residual confounding
in the unexposed population, for which there is little possibility to correct in the nation-wide
analysis. Thus, we aimed to investigate associations specifically in the populations living in
proximity to airports to derive robust associations for quantifying burden of disease.

MATERIALS AND METHODS

Study population

The study population derived from the Swiss National Cohort (SNC) that links census data
with births, mortality and emigration registries (Bopp et al. 2009, Spoerri et al. 2010). The
SNC was approved by the Ethics Committees of the Cantons of Zurich and Bern. The study
period was from 01 January 2001 to 31 December 2015, including 7.28 million observations
at baseline. After exclusions, 4.1 million observations were retained. Exclusions at baseline
were based on mismatches in SNC linkage (8.2% of original sample); being under 30 years
of age (33.4%); missing residential coordinates or living in an institution (4.8%); missing
education or socio-economic position (2.2%); or missing exposures (0.2%).



Health outcome

Definitive primary causes of death from all cardiovascular diseases (CVD) (ICD-10: 100-199)
and myocardial infarction (MI) (ICD-10: 121-122) were investigated.

Exposure assessment

Swiss-wide exposure data, separately for aircraft, road traffic and railway noise, from the
SIRENE project (Short and Long Term Effects of Transportation Noise Exposure) (Karipidis
et al. 2014, RoO0Osli et al. 2019) were available for 2001 and 2011. Aircraft noise was from the
three civils airports (Zurich, Geneva and Basel), and one military airfield located in Payerne.
As described in Vienneau et al. (2022), exposure was assigned at three equally-spaced time
points, matched on calendar year and to account for residential history. For the middle
period, the 2001 noise data were assigned to non-movers and anyone moving after 2006;
the 2011 noise data were assigned to anyone moving before 2006. We used the day-
evening-night (Lden) level (i.e. weighted logarithmic mean of Leq,day, Leq,evening and
Leq,night with a respective penalty of 5 dB and 10 dB for evening and night) at the maximum
exposed facade, based on dwelling (Héritier et al. 2017, Vienneau et al. 2019). As per our
previous studies, Lden below predefined thresholds were censored at those values (i.e. set
to the specified value): 35 dB for road traffic noise, and 30 dB for railway and aircraft noise.
Air pollution exposure was also assigned to the residential addresses, using the 2010 annual
average PMzs (ug/m?3) from a European 100 x 100 m model (de Hoogh et al. 2018).

Statistical Analysis

Cox proportional hazards models, stratified by sex and with age as time scale, were used to
model the association between aircraft noise and CVD or MI mortality. Participants were
followed until emigration, death or end of follow-up (on 31 December 2015), which ever
came first. The models included co-exposure from road traffic and railway noise, as well as
PM.s. Models were further adjusted for 5-year period, civil status, education level, mother
tongue, nationality, quintiles of local- socioeconomic position (local-SEP) (Panczak et al.
2012), area-SEP and area unemployment rate. Area-level variables were calculated as
community (n=2896 in 2001, n=2585 in 2011) and cantonal averages (n=26). Where
available in the census, covariates were updated at 2011 (see Vienneau et al. (2022) for
details). In a sensitivity analysis, degree of urbanisation (urban, peri-urban, rural) was
included as an additional adjustment.

The models were derived for adults consistently within the:

e Zurich area: those living in the four cantons Zurich, Aargau, Thurgau and
Schaffhausen, thus capturing the broad area around the largest civil airport. Here the
original censoring at 30 dB was used, retaining the entire eligible adult population
within these cantons; and

e Swiss subset: those living anywhere in Switzerland with aircraft noise exposure > 30
dB Lden, thus dropping marginally and non-exposed individuals.

For both cohorts, individuals were dropped if the criterion (study area or Lden) was violated
at any time point. Hazard ratios (HR) and 95% confidence intervals were computed,
comparing log-linear (reported per 10 dB noise increment) and non-linear (natural splines
with 3 degrees of freedom) models. Age and sex stratified results were also computed as
per the original study.

RESULTS

Restricting the analysis to the Zurich area (four cantons around Zurich airport) and the
exposed Swiss subset (those anywhere in the country with aircraft noise > 30 dB Lden) gave
similar sized study populations with 1.2 and 1.3 million individuals, respectively. This



accounted for ~30% of the total adult population in Switzerland in 2001. Likewise, the
proportion of CVD and MI deaths in the restricted populations accounted for 28-31% of the
total deaths for these outcomes in Switzerland in 2001. As expected, a higher proportion of
German speaking individuals lived in the Zurich area than in the Swiss subset (86% vs.
70%). Otherwise the characteristics of the populations within each cohort were similar at
baseline, though with slightly higher mean aircraft noise exposure in the exposed Swiss
subset compared to the Zurich area (mean [SD]: 44.0 (7.3) vs. 39.9 [8.6] Lden aircraft noise)
(Table 1).

Assuming a linear relationship, the risk increases in the Zurich area were borderline to just
significant at 1.007 (0.996; 1.018) for CVD and 1.032 (1.002; 1.062) for Ml per 10 dB Lden
aircraft noise. The HR observed in the Swiss subset were higher, at 1.016 (1.006; 1.028) for
CVD and 1.055 (1.024; 1.087) for Ml. These were also stronger than in the original
publication using the entire population with censoring of the marginally and non-exposed
(Table 2). Plots of natural splines, combined with the AIC diagnostics comparing the model
specifications, confirmed the relationships between aircraft noise and these mortality
endpoints were non-linear if focusing on the population residing in the Zurich area (Figure 1,
Table 3). However, the Swiss subset, that focused only on the aircraft noise exposed adults
within the whole country by excluding anyone with levels < 30 dB Lden, showed an
approximately linear increase from this lowest exposure level. Including degree of
urbanisation as an additional adjustment did not change the results. Stratified models within
the exposed Swiss subset indicated the CVD mortality association for aircraft noise was
modified by sex, with higher HR in the younger adults compared to older (p-value < 0.05;
Table 4).

DISCUSSION

This study aimed to take a closer look into the non-linear (U-shape) pattern of association
found between aircraft noise exposure and CVD and MI mortality in a previous nation-wide
analysis in Switzerland. Vienneau et al. (2022) included all eligible adults, even those with
little to no aircraft noise exposure. Thus, one explanation for the shape of the exposure-
response could be that the protective effect in the lowest exposure range is due to residual
confounding not captured by the available indicators of socio-economic status.

A similar non-linear association was found here when restricting the analysis to individuals
living in the Zurich area. Despite being in relative proximity to the largest civil airport in the
country, the population living in these four cantons still had a broad range of exposures. The
exposure distribution also had a large spike at the beginning reflecting the individuals with
aircraft noise levels equal to or below 30 dB who were assigned the default 30 dB in the
censoring step (see histogram shown in the background of Figure 1). Individuals in this large
group, however, can reside in very different types of communities (a continuum from urban
to rural) and be highly heterogeneous in terms of socio-economic status. Further, those with
truly no aircraft noise exposure are also more likely to live in very rural areas, where CVD
mortality is known to be higher than in urban settings (Chammartin et al. 2016). Thus
selecting the study population on relative proximity to the airport seemed to not help address
potential issues of residual confounding. The censoring step in this situation may in fact
contribute to confounding because it assigns a low exposure value to a largely unexposed
yet higher risk population.

The alternative approach, to subset the population removing those reasonably deemed not
exposed, led to a stronger and more plausible linear increased risk for CVD and MI mortality.

CONCLUSION



Administrative cohorts with no lifestyle information may be vulnerable to residual
confounding. By focusing on the rather homogeneous population of aircraft exposed people,
residual confounding may be minimized. Thus, in burden of disease studies on
transportation noise, our recommendation is to use the exposed Swiss subset results for the
aircraft noise exposure-response relationship (i.e. 1.016 (1.006; 1.028) for CVD and 1.055
(1.024; 1.087) for MI mortality per 10 dB Lden). These relationships account for co-exposure
to road traffic noise, railway noise and air pollution, and further reflect the relationship in the
undiluted exposed population.
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Figure 1. Natural splines for the association between aircraft noise exposure and mortality

outcome overlaid on the exposure distribution, by study area

CVD = all cardiovascular diseases, Ml = myocardial infarction

Fully adjusted Cox models with age as timescale: included noise exposure (aircraft noise Lden as natural spline; road traffic
and railway noise Lden as linear terms); strata sex, period (i.e. 2001-2005, 2006-2010, or 2011-2015), civil status, education
level, and quintiles of local-SEP; mother tongue and nationality; community and regional SEP score and unemployment; and
PM2_5 exposure



Table 1. Study characteristics at baseline

Characteristic

Zurich area (4 cantons)

Swiss subset (aircraft noise > 30 dB Lden)

Cohort CVD deaths Ml deaths Cohort CVD deaths Ml deaths

Participants, n (%) @ 1,201,204 (29.0) 78,028 (28.1) 10,007 (29.3) | 1,295,546 (31.3) 82,840 (29.9) 10,472 (30.6)
Person-years, n 16,017,081 17,288,027
Male, % 48.1 | 47.8 | 59.5 47.4 | 47.0 | 58.3
Age, % P

30-64 77.7 10.1 20.0 76.4 9.8 19.0

65-79 17.6 30.6 37.1 18.5 30.3 36.2

80+ 4.7 59.3 43.0 5.1 60.0 44.8
Mother tongue, %

German and Rhaeto-Romansch 85.9 94.3 92.8 69.8 81.2 80.1

French 1.2 1.1 1.0 15.1 13.2 12.9

Italian 4.3 2.7 35 4.6 3.0 3.6

Other 8.7 1.9 2.7 10.5 2.6 3.4
Education, %

Compulsory education or less 20.7 37.3 32.4 21.4 36.6 32.2

Upper secondary level 55.1 49.6 51.4 52.0 48.9 50.8

Tertiary level education 24.2 13.1 16.2 26.6 144 17.1
Marital status, % ¢

Single 14.3 8.4 8.6 14.9 9.3 9.2

Married 69.1 46.9 55.1 67.5 45.1 52.8

Divorced 9.1 7.8 9.4 9.7 9.0 10.6

Widowed 7.5 36.9 26.9 7.8 36.7 27.5
Swiss nationality, % °© 82.5 94.2 92.0 79.0 92.6 90.6
Local-SEP, % ¢

national Q1 13.7 15.0 15.6 14.1 14.4 14.5

national Q2 20.6 23.5 23.7 18.0 20.6 21.4

national Q3 27.8 28.7 28.9 26.0 27.6 28.0

national Q4 37.8 32.9 318 41.9 37.4 36.2
Area-SEP community (%), mean (SD) ¢ 66.7 (5.5) 65.0 (6.7) 65.1 (6.5) 67.3 (5.6) 65.9 (6.4) 66.0 (6.1)
Area-SEP region (%), mean (SD) ¢ 0.1 (4.6) -0.1 (5.2) -0.1 (5.0) 0.7 (4.9) 0.5 (5.3) 0.4 (5.2)
Area unemployment community (%), mean (SD) © 3.5(1.2) 3.3(1.2) 3.3(1.2) 4.0 (1.4) 3.7(1.3) 3.7(1.4)
Area unemployment region (%), mean (SD) ¢ 0.0 (1.2) 0.1(1.1) 0.1(1.1) 0.0(1.1) 0.1(1.0) 0.1(1.0)
Road Lden (dB), mean (SD) ¢ 54.5 (7.7) 55.3 (7.6) 55.2 (7.5) 55.5 (7.8) 56.3 (7.6) 56.3 (7.6)
Rail Lden (dB), mean (SD) © 38.6 (10.8) 38.5 (10.5) 38.6 (10.7) 37.4 (10.3) 37.5(10.1) 37.7 (10.2)
Air Lden (dB), mean (SD) ¢ 39.9 (8.6) 40.0 (8.0) 40.2 (8.1) 44.0 (7.3) 43.2 (6.9) 43.4 (6.9)
PM2.5 concentration (ug/m3), mean (SD) 16.6 (1.3) 16.7 (1.3) 16.7 (1.3) 17.3 (1.4 17.3 (1.4) 17.3 (1.4)

CVD = all cardiovascular diseases, Ml = myocardial infarction

a. Percent: for “Cohort” is % total adult population for the Cohort, and % deaths by cause for CVD and MI deaths, based on totals of the adult population included in Vienneau et. al. (2022)
b.  Age group for CD and MI deaths is according to date of death, not baseline

c. census/exposure data available at multiple time points, thus updated at 2011
d.

Quartiles of local-socioeconomic position (SEP) based on national distribution, as used in Vienneau (2022)




Table 2. Hazard ratios (95% confidence intervals) for the linear association (per 10 dB Lden)

between noise exposure and mortalit

outcome, by noise source and study area

Outcome | Area HR (95%CI) per 10 dB Lden
Aircraft noise Road traffic noise Railway noise
CvVvD Zurich area 1.007 (0.996; 1.018) | 1.045 (1.034; 1.055) 1.010 (1.004; 1.017)
Swiss subset 1.016 (1.006; 1.028) 1.054 (1.044; 1.064) 1.015 (1.008; 1.022)
Whole country 1.003 (0.996; 1.010) | 1.029 (1.024; 1.034) 1.013 (1.010; 1.017)
(Vienneau et al. (2022))
MI Zurich area 1.032 (1.002; 1.062) | 1.051 (1.023; 1.079) 1.022 (1.003; 1.042)

Swiss subset

1.055 (1.024; 1.087)

1.075 (1.047; 1.104)

1.032 (1.012; 1.052)

Whole country
(Vienneau et al. (2022))

1.040 (1.020; 1.060)

1.043 (1.029; 1.058)

1.020 (1.010; 1.030)

CVD = all cardiovascular diseases, Ml = myocardial infarction
Fully adjusted Cox models with age as timescale: included noise exposure (aircraft, road traffic and railway noise Lden as linear
terms); strata sex, period (i.e. 2001-2005, 2006-2010, or 2011-2015), civil status, education level, and quintiles of local-SEP;

mother tongue and nationality; community and regional SEP score and unemployment; and PM, s exposure

Table 3. Comparison of splines vs. linear models, by outcome and study area

Outcome | Area Model comparison
Model AlC Pr(>Chisq)
CvD Zurich area linear 1003053
natural spline, 3df 1003011 <0.001
Swiss subset linear 1075984
natural spline, 3df 1075987 0.701
Mi Zurich area linear 135764
natural spline, 3df 135737 <0.001
Swiss subset linear 142515
natural spline, 3df 142513 0.059

CVD = all cardiovascular diseases, Ml = myocardial infarction
Fully adjusted Cox models with age as timescale: included noise exposure (aircraft noise Lden as linear term or natural spline

as indicated; road traffic and railway noise Lden as linear terms); strata sex, period (i.e. 2001-2005, 2006-2010, or 2011-2015),
civil status, education level, and quintiles of local-SEP; mother tongue and nationality; community and regional SEP score and

unemployment; and PM, s exposure




Table 4. Effect modification by age or sex. Hazard ratios (95% confidence intervals) for the linear association (per 10 dB Lden) between noise
exposure and mortality outcome, by noise source for the Swiss subset

Outcome | Source Male Female p-interaction 30-60 65-79 80+ p-trend
CVvD Air 1.012 1.019 1.053 1.020 1.006
(0.997; 1.028) (1.004; 1.035) 0.538 (1.019; 1.088) (1.001; 1.040) (0.992; 1.020) 0.039
Road 1.079 1.032 1.128 1.086 1.026
(1.064; 1.094) (1.019; 1.046) <0.001 (1.095; 1.162) (1.068; 1.105) (1.013; 1.038) <0.001
Rail 1.019 1.010 1.052 1.018 1.005
(1.009; 1.030) (1.001; 1.020) 0.192 (1.029; 1.074) (1.006; 1.031) (0.996; 1.014) 0.001
M Air 1.050 1.062 1.069 1.063 1.045
(1.010; 1.091) (1.013; 1.114) 0.703 (1.000; 1.143) (1.012; 1.117) (0.998; 1.094) 0.814
Road 1.103 1.035 1.135 1.102 1.028
(1.065; 1.142) (0.994; 1.079) 0.022 (1.069; 1.205) (1.054; 1.152) (0.988; 1.069) 0.010
Rail 1.044 1.017 1.055 1.028 1.026
(1.018; 1.070) (0.987; 1.048) 0.195 (1.010; 1.101) (0.996; 1.061) (0.997; 1.056) 0.551

CVD = all cardiovascular diseases, Ml = myocardial infarction

Fully adjusted Cox models with age as timescale: included noise exposure (aircraft noise, road traffic and railway noise Lden as linear terms); strata sex*, period (i.e. 2001-2005, 2006-2010, or
2011-2015), civil status, education level, and quintiles of local-SEP; mother tongue and nationality; community and regional SEP score and unemployment; and PM, s exposure. *only in models
including both sexes
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